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ABSTRACT

Two types of ferromagnets, pure iron and steel
with varying geonetry and m crostructural proper-
ties, were prepared for the present study of
nmagnet oacousti ¢ em ssi on (MAE). The purpose was to
separate the effects of structural property vari-
ations fromchanges caused by differences in the
sanpl e geonetry. The position and shape of the
| eadi ng MAE sub-burst and its variation anmong t he
sanpl es are expl ai ned by nagnetic ani sotropy and
the results of nurerical sinulations which uti-
lized the concept of self-organized criticality

. The anplitude and duration of the second
sub-burst, which previously was thought to occur
as a result of a conplicated interaction between
non-180° donmin walls and lattice defects, can
easily be explained by the results of our simila-
tion.

I . 1 NTRCDUCTI CN

Al of the previous MAE tests of various types of
steel were anal yzed based upon the magnetic prop-
erties of iron. Reasonable interpretations of test
resul ts were obt ai ned, especially for the uni axi al
stress dependence of the MAE spectral character-
istics [1,2,3]. There exists, however, several
elenents related to certain basic properties of
MAE that are unexplained. First, the presence of
two sub-bursts during a sweep over one hal f cycle
of the hysteresis | oop. Furthernore, under nornal
conditions, i.e., without having a significant
stress or a pronounced rearrangenent of defect
structures, the |l eadi ng sub-burst is usually sharp
and narrow. At the same tine, the trailing sub-
burst is, in general, seen to be snooth and its
duration is much longer than that of the | eading
sub-peak. Finally, the position of the |eading
sub-burst usually occurs | ong before the nmajor
change in the net nagnetic flux. Sone qualitative
expl anati ons can be found for these MAE charact er -
i stics, but they are no nore than phenonenol ogi cal
illustrations, as will be discussed |ater inthis
paper. Consequently, a nore detailed study was
necessary to gain a deeper insight into the phys-
i cal processes involved i n MAE

The present study includes both experimental and
nunerical work. Two types of ferronagnets, high
purity polycrystalline iron and | ow carbon steel,
of three different thicknesses were used. The iron

sanpl es were apparently rolled to differing
degrees to formthin sheets of various thicknesses
with a diverse nmiscrostructure, i.e., the el onga-
tion of grains varied. This was especially
pronounced in the thinnest sanple. In order to
di stinguish the effects of such microstructural
vari ations fromthe sanpl e thi ckness dependence,
if there is any, a set of sanples were made from
a single | ow carbon steel block [See Ref. 4 for
the properties of this steel]. In Section Il we
briefly describe the sanples used along with the
experimental procedure. The MAE test results are
presented in Section |11 along with a description
of the characteristic el enents.

The nurrerical simulation is based on the rel a-
tively newconcept of self-organized criticality.
The nodel is constructed on the assunption that
there are two separate distributions of domain
wal | notion-resisting potential barriers. The
results of the nunerical sinulations are surpris-
ingly consistent with that of the experinent,
despite the nodel's sinplifications which |ack of
adirect link to physical principles. The results
strongly suggest that the unexpl ai ned character-
istics of the MAE spectra may sinply be due to the
sel f-organi zi ng process of the physical system
The details of the simulation are presented in
Section IV which is followed by a summary.

I'l. EXPER MENTS

The first set of test sanples consisted of three
pure iron (99.999% plates with a two di nensi onal
area of 6 x 1.5 ¢ These sanpl es were avail abl e
inthree different thicknesses: 0.5, 1.25 and 2.5
mm The degree of rolling varied anong sanpl es of
di fferent thicknesses and grain el ongation was
nost severe in the thinnest sanple, as was found
by studyi ng optical mcrographs. Hence, another
set of sanples having the same geonetry as the
pure iron sanpl es was prepared froma singl e bl ock
of I owcarbon steel. The netal |l urgical information
and manuf acturi ng processes can be found in Ref.
4. Throughout the experinents, the peak anplitude
of the applied nagnetic field at the surface was
kept at 72 Ce and the frequency of the AC nagnetic
field was fixed at 30 Hz. The resultant MAE spec-
trumwas obt ai ned by averagi ng over 50 bursts. The
details of the MAE experinent can be found el se-
where [1, 2, 3,4].

[11. EXPERI MENTAL RESULTS AND DI SCUSSI ON

Fig. 1 shows the oscill oscope trace of the induc-



tion pi ckup coil output (upper trace) and the MAE
burst (lower trace) both averaged over 50 franes
for the 0.5 nmthick pure iron sanple. The point
wher e the pickup coil output has a nmaxi mum out put
corresponds to the maxi rumrate of change in the
net magnetic induction due to the notion of mag-
neti c domai ns. The position of the peak of the

| eading sub-burst in Fig. 1is seen to occur nuch
earlier than the point where the donain wall
notion is nmost active.

Fig. 2 shows the results obtained with the 0.5 mm
thick steel sanple. The position of the peak of
the | eading sub-burst in this figure is not as
advanced as that shown Fig.1, but is noticeably
earlier than the peak of the pickup coil output.
In both figures one can see a second sub- burst
along with a third sub-burst which occurs |ong
after the change in the magnetic state of the sam
pl e has ended. Recent results obtained with the
sane sanples at 0.7 Hz al so showed a third sub-
burst of the same nature [5]. Considering that the
test results obtained with bul k sanpl es nade from
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Fig. 1. Results obtained with 0.5 nmthick pure
iron sanple at 30 Hz.
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Fig. 2. Result obtained with 0.5 mmthick steel
sanpl e at 30 Hz.

the same material during the past several years
never showed such an additional peak, it nay be
that the thinness of these sanples is responsible
for the occurrence of the third sub-burst. How
ever, at the present tine a nore detailed

expl anation of this phenonena is not possi bl e.
Hence, we will focus our attention on the first
and second sub-burst only.

The early appearance of the | eadi ng sub-burst was
expl ai ned recently based on the local critical
field at which a domai n of reverse magnetization
is nucleated. For pure iron these donains are
formed in the vicinity of nonmagneti c i ncl usi ons,
and the cal cul ation shows that if the radius of
the inclusion |arger than 10"°cm the critical
field strength is larger than 10 Ce in the direc-
tion of net nagnetization [6]. This means that a
consi derabl e | evel of donain wall notion occurs
bef ore the nagneti c state reaches renmanence whil e
bei ng reduced from saturation.

The reduced MAE activity in the region of the

hi ghest pickup coil output as shown in both Fig.
1 and 2 has been observed to be a universal char-
acteristic. This apparently is inconsistent with
the basic assunption, i.e., MAE is produced by the
rearrangement of the local lattice strain field
due to domain wall notion and, hence, the MAE
activity is enhanced as the rate of domain wall
noti on becones higher. The assunption itself
shoul d be correct if the rate of change in the
applied nagnetic field is extrenely sl ow

Under the present experinmental conditions, how
ever, the basic mechanismfor the change in the
net magneti zation is roughly due to the notion of
macr oscopi ¢ 180° domai n walls which oscillate
back-and-forth, while dragg;i ng 90° domain walls
[7]. The motion of the 180° domain walls is
resisted mainly by two factors: the eddy currents
generated by the change in the net magnetic fl ux
and the del ay i n 90° domai n wal | notion due toits
lowmobility. Both of these factors are assuned to
contribute to the del ayed MAE activity of the
trailing sub-burst but further detail s are unknown
at the present tine.

Fig. 3 and 4 showthe results obtained with 1.25
mmthick pure iron and steel sanples, respec-
tively. The difference in the positions of the

| eadi ng sub-bursts in the pure iron and steel sam
pl es of these figures are seen to be much snal |l er
than that between Fig. 1 and 2. The 0.5 mmthick
pure iron sanple was apparently rolled to a nore
severe degree of grain el ongation which is assumed
to be the easy nagnetization direction.

During the experinents, the external field was
applied along this direction of easy nagneti za-
tion. This brings up an interesting point. Wth
the iron being pure, the density of the nucl eation
centers for reverse nagneti zati on domains will be
I ow and the average | ocal critical field for such
donmain creation will be smaller than that of
steel. One the other hand, the higher density of
inpurities and defects in steel tend to pin down
the 90° domai n wal | motion. Under normal circum
stances, the position of the | eading sub-burst in
iron and steel are almost the same due to a com
prom se between t hese two conpeting effects. Such



Fig. 3. Results obtained with 1.25 nmthick pure
iron sanple at 30 Hz.
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Fig. 4. Results obtained with 1.25 nmthick
steel sanple at 30 Hz.

a bal ance is disturbed when certain structural
changes are introduced as inthe 0.5 nmthick pure
i ron sanpl e.

Fig. 5 and 6 showthe results obtained with 2.5
mm thi ck sanpl es of iron and steel, respectively.
Except for the slight trailing slope in the burst
of Fig. 6, the overall pattern in these figures
are quite simlar. They bot h show a broad MAE peak
which is confined to the range of pickup coil out-
put and which is very different fromthe results
of the thinner sanples in Fig. 1to Fig. 4. These
results clearly indicate that there is nore travel
di stance avai |l abl e for the nacroscopi ¢ 180° domai n
walls in the thicker sanples and the 90° donmain
wal |'s are continuously pull ed after being created
at the donai ns of reverse nagneti zati on.

I'V. NUMERI CAL SI MULATI ON | NOORPCRATI NG SELF- CRGA-
N ZED CR Tl CALI TY

W divide a ferronagnetic sanple into discretized
cells where each cell is assumed to be nagneti zed
i n accordance wi th the easy axes of magneti zation.
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Fig. 5. Results obtained with 2.5 mmthick pure
iron sanple at 30 Hz.
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Fig. 6. Results obtained with 2.5 nmthick
steel sanple at 30 Hz.

During their lifetime, i.e., between [B,, and
=Bl ,ax €ach domain will face two naj or po?enti al
barriers resisting their notion. The distribution
of the nunber of cells as a function of the poten-
tial barrier height is assumed to be gaussian with
a given nean and standard deviation that are
entered as paraneters in the nodel. The first bar-
rier corresponds to the critical field necessary
for the nucleation of the donai ns of reverse nag-
neti zation and thei r subsequent | ocal expansionto
reach the pinning sites. The second corresponds to
thecritical fieldnecessaryto causeirreversible
notion over the pinning sites. The critical field
strength associated with each cell was assigned
randomy to the individual cells (each cell was
assigned a critical field strength only once dur-
ing the entire period).

The nodel uses is discretized in time and a sinu-
soidal field is applied to the array of cells.
Qurrently, the nodel assunes that the fieldis
sensed by all the cells uniformy and simlta-
neously, but this can be changed to account for
vari ations caused by eddy currents and nonuni f orm



nmagneti zation resulting fromthickness vari a-
tions. The model increments in time and the
nmagneti zation in each cell is reversed as the mag-
nitude of the applied field reaches the given
critical field strength. The nagnitude of the
burst at tinet is sinply the sumof the nunber of
regions that noved during the tinme step At.

Introduced by Bak et. al, the concept of self-
organi zed criticality (SOC) provides a consi stent
expl anation of 1/f noise and fractal characteris-
tics in dynam cal systens [8]. Once perturbed, in
this process, the local fluctuation of a certain
physical state in a cell propagates throughout the
systemby generating fluctuations in the nei ghbor-
ing cells which causes an aval anche through a
donmi no effect. Through the aval anche the system
organi zes itself to reach another barely stable
state.

A sinple nodification to the nodeling schene was
necessary to add the effects of SOC. That is, if
the applied field strength reaches the critical
field strength for a particular cell, the magne-
tization direction in the cell reverses. This
reversal causes a certain anount of influence to
t he physi cal state of the nearest nei ghbor cells.
VW chose this influence to be a nodification to
the preassigned critical field strength with the
amount of modi fication as an adj ust abl e pararret er.
A nore detailed explanation of the nodel can be
found in Ref. 9.

Fig 7. shows the nmodel ing results which are cl ose
to that observed for the thin sanples (0.5 and

1. 25 nmt hi ck sanpl es of iron or steel) which were
obt ai ned by broadening the first distribution to
mat ch the shape of the first sub-burst. The
results of Fig. 7 can be conpared with those pre-
viously obtained to match the typical test results
of bulk steel sanples. These results of Fig. 8
used a narrower distribution of the critical field
necessary to formthe domai ns of reverse nmagneti -
zati on.

Fig. 7. Mdeling results similating the MAE bur st
observed in thethin sanples of Fig. 1 to 4.
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Fig. 8. Mdeling (black) and experimental (gray)
results for a bulk sanmple (fromreference 9).

(ne can easily predict that the begi nning of the
sel f-organi zi ng process depends on the w dth and
the location of the distribution of the critical
field strength of reverse donain nucl eation.
These, of course, are the naj or el enents determ n-
i ng the phase and shape of the | eadi ng sub- bur st
of MAE.

V. SUMWARY

The maj or acconpl i shnents of the present study
are: first, we provided nore evidence for the role
of the local critical field for the nucleation of
reverse nagneti zation donai n whi ch causes the
early appearance of the |eading sub-burst and,
second, fromthe results of the 2.5 nm sanpl es,
the confirmation of the macr oscopi ¢ 180° domai n
wal |'s that oscillate back-and-forth during the
magneti zation process. It was al so denonstrated
that we can match the nmodeling results to that of
experinments by changi ng certain paraneters in the
simul ation. This clearly means that one can gain
deeper insight in the conplicated process of MAE
generation and nore easily identify the major
physi cal mechani sns invol ved i n each stage.
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